Introduction
Symbiotic microorganisms are common in insects (Buchner, 1965) . They are usually transmitted vertically from mother to offspring and occupy unique ecological niches, such as midgut crypts and specialized tissues and cells, within their host insects (Baumann and Moran, 1997) . Symbiotic microbes participate in the biology of their hosts in a variety of ways, for example, provisioning of essential nutrients (Moran et al., 2008) , defense against natural enemies and adaptation to specific ecological conditions (Oliver et al., 2010) and promoting negative fitness effects and reproductive aberrations (Werren et al., 2008) .
The infection density of a symbiont within its host is among the most critical factors for shaping the biological effect of the symbiotic association. Previous studies have shown that the infection density of the symbiont can affect the fidelity of vertical transmission, the degree of reproductive aberrations and the level of fitness consequences as indicated by body size, growth, survival and/or fecundity (McGraw et al., 2002; Koga et al., 2003; Mouton et al., 2004; Sakurai et al., 2005; Kikuchi et al., 2007; Kim et al., 2013b) . The mechanisms underlying the infection, proliferation and maintenance of symbionts within their host organisms are therefore of ecological and evolutionary importance (Kondo et al., 2005; Engelstadter et al., 2006; Vautrin and Vavre, 2009 ). However, the fastidious nature and consequent genetic intractability of insect symbionts have been major obstacles in understanding the mechanisms of their infection dynamics (Pontes and Dale, 2006) . Previous studies on symbiont infection density have been conducted on whole insects without symbiont cultivation: different combinations of host and symbiont genotypes were experimentally generated by microinjection, antibiotic therapy and/or introgression, and infection densities of the symbionts in the different host-symbiont combinations were evaluated by quantitative PCR. These studies have demonstrated that symbiont infection dynamics are significantly affected by the symbiont genotype (McGraw et al., 2002; Ikeda et al., 2003; Mouton et al., 2003 Mouton et al., , 2004 , host genotype (Kondo et al., 2005; Mouton et al., 2007) , interactions between co-infecting symbionts (Koga et al., 2003; Kondo et al., 2005; Sakurai et al., 2005; Goto et al., 2006) and/or other environmental factors (Mouton et al., 2007; Anbutsu et al., 2008) . However, it is not clear which symbiont genes are involved in the infection dynamics and regulation of symbiont density.
Apart from the insect-microbe symbioses, there are several model systems in which beneficial symbiotic bacteria have been cultured and genetically manipulated to understand the molecular crosstalk between symbiont and host. In such model systems as squid-Vibrio, legume-Rhizobium and nematode-Photorhabdus symbioses (Gage, 2004; Nyholm and McFall-Ngai, 2004; Goodrich-Blair and Clarke, 2007) , a number of symbiont genes have been identified to be important for the symbiotic associations. These genes have been classified into three categories based on their mutant phenotypes in symbiosis, which include (i) initiation mutants, which are unable to establish infection in the host, (ii) accommodation mutants, which can establish infection but cannot reach normal infection density and (iii) persistence mutants, which establish infection normally but are unable to maintain the normal infection level (Ruby, 2008) . Such experimental model systems have not been available for insect symbiosis studies.
Recently, the bean bug, Riptortus pedestris (Hemiptera: Alydidae), has been recognized as an ideal insect model for investigating insect-bacterium symbiosis. R. pedestris harbors a beneficial and specific bacterium in a specialized region of the posterior midgut (Kikuchi et al., 2005) . This symbiont belongs to a member of the betaproteobacterial genus Burkholderia, and is acquired orally by host nymphs from the environment every generation. Further, Burkholderia can be easily cultivable and genetically manipulatable (Kikuchi et al., 2007 (Kikuchi et al., , 2011a Kikuchi and Fukatsu, 2013; Kim et al., 2013a, b) . Using this model system, we performed transposon-mediated random mutagenesis of Burkholderia symbiont strain and screened the mutant strains for their symbiotic capabilities in the Riptortus host. Among 41800 mutant strains, we identified a symbiosis-deficient mutant strain in which purL, a gene involved in the purine biosynthesis pathway, was disrupted by a transposon insertion. The purL mutant of the Burkholderia symbiont was investigated in detail for its microbiologic properties, infection density dynamics and effects on the host insect. Furthermore, a strain containing a mutation in another purine biosynthesis gene, purM, was generated to confirm whether the phenotypes of the purL mutant are due to the disruption of purine biosynthesis.
Materials and methods
Bacteria and media Escherichia coli cells were cultured at 37 1C in LB medium (1% tryptone, 0.5% yeast extract, 0.5% NaCl). Burkholderia symbiont RPE75 cells were cultured at 30 1C in YG medium (0.4% glucose, 0.5% yeast extract, 0.1% NaCl) (Kikuchi et al., 2011b) . The following supplements were added to the culture media unless otherwise indicated: 30 mg ml À1 rifampicin, 30 mg ml À1 kanamycin and/or 300 mg ml À1 2,6-diaminopimelic acid (DAP).
Generation of mutants
Methods for transposon mutagenesis, homologous recombination and generation of complemented mutant strains are described in the Supplementary Information.
Insect rearing and symbiont inoculation R. pedestris was maintained in our insect laboratory at 26 1C under a long day cycle of 16 h light and 8 h dark as described (Kim et al., 2013a) . Nymphal insects were reared in clean plastic containers with soybean seeds and distilled water containing 0.05% ascorbic acid (DWA). When newborn nymphs molted to the second instar stage, symbiont inoculum solution was provided using wet cotton balls in a small Petri dish. The inoculum solution consisted of mid-log phase Burkholderia cells in DWA at a concentration of 10 7 cells per ml. For inoculation of the mutant strain, higher inoculum concentrations (10 8 and 10 9 cells per ml) were also used. To generate insects without the Burkholderia symbiont, a group of second instar nymphs were reared in a separate clean container and provided with only sterilized DWA and soybeans.
Measurement of bacterial growth in liquid media
Growth curves of the Burkholderia symbiont strains were examined in either YG medium or minimal medium (0.2% glucose, 0.2% (NH 4 ) 2 SO 4 , 1.36% KH 2 PO 4 , 0.00005% FeSO 4 Á 7H 2 O, 1 mM MgSO 4 ). The starting cell solutions were prepared from stationary phase cells by adjusting OD 600 to 0.05 in either YG medium or minimal medium. The culture media were incubated on a rotator shaker at 180 r.p.m. at 30 1C for 36 h and OD 600 was monitored every 3 h using a spectrophotometer (Mecasys, Daejeon, Korea). One of the following purine derivatives was added to the culture medium at a final concentration of 0.5 mM: adenine, adenosine, adenosine monophosphate (AMP), inosine monophosphate (IMP) or 5-amino-1-b-D-ribofuranosyl-imidazole-4-carboxamide (AICAR) (see Supplementary Figure S1 ).
Analysis of biofilm formation
Mid-log phase Burkholderia symbiont cells were adjusted OD 600 to 0.8 in YG medium and 150 ml of the cell suspension was added to each well of a 96-well plate for each sample. To examine the effects of purine derivatives in rescuing the mutant defect, adenine, adenosine, AMP, IMP or AICAR was added to each well at a final concentration of 0.5 mM. The 96-well plates were incubated at 30 1C for 48 h with shaking at 110 r.p.m. At the end of the incubation, the wells were washed three times with phosphate-buffered saline (PBS: 8% NaCl, 1.16% Na 2 HPO 4 Á 7H 2 O, 0.2% KH 2 PO 4 , 0.2% KCl) and adherent biofilms were fixed with 99% methanol for 10 min. After removing the methanol and airdrying the samples, each well was incubated with 200 ml of 0.1% crystal violet in methanol for 10 min, washed in running tap water and air-dried. The stained dye was then solubilized by adding 200 ml of 30% acetic acid to each well and OD 540 was measured using a plate reader (Multiskan EX; Thermo Scientific).
Electrophoretic analysis of bacterial carbohydrates
Bacterial cells were suspended in sample buffer (60 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 0.005% bromophenol blue), boiled at 95 1C for 5 min, incubated with 400 mg ml À1 proteinase K at 60 1C for 1 h and boiled again prior to electrophoresis. The amount of sample for loading was adjusted to 1 Â 10 8 cells per lane for conventional SDS-PAGE (Laemmli, 1970) in 12% gels and 2 Â 10 8 cells per lane for Tricine SDS-PAGE (Schägger, 2006) in 12% gels. Bacterial carbohydrates separated in the gels were visualized using the Pro-Q Emerald 300 Lipopolysaccharide Gel Stain Kit (Invitrogen, Carlsbad, CA, USA).
Colony-forming unit assay
The midgut fourth (M4) region was dissected out of R. pedestris, placed in 100 ml of 10 mM phosphate buffer (PB, pH 7.0), homogenized by a plastic pestle and serially diluted with PB. The diluted samples were spread on rifampicin-containing YG agar plates. After 2 days of incubation at 30 1C, colonies on the plates were counted and colony-forming units (CFUs) per insect were calculated by multiplying the colony counts by the dilution factor.
Quantitative PCR Dissected midgut M3 and M4 regions were homogenized and DNA was extracted using QIAamp DNA mini kit (Qiagen, Hilden, Germany). The DNA samples were analyzed by quantitative PCR targeting dnaA gene of the Burkholderia symbiont. Real-time quantitative PCR was performed using QuantiMix SYBR Kit (PhileKorea, Daejeon, Korea) and CFX96 Real-time system (BioRad, Hercules, CA, USA) with primers BSdnaA-F (5 0 -AGCGCGAGATCAGACGGTCG TCGAT-3 0 ) and BSdnaA-R (5 0 -TCCGGCAAGTCGCGC ACGC-3 0 ) as previously described (Kim et al., 2013a) .
Microscopic observation of midgut crypts
To observe the midgut morphology, R. pedestris insects were sterilized with 70% ethanol and dissected under a dissection microscope (Olympus SZ21) in a glass Petri dish filled with PBS. For dissection microscopy, pictures were taken by a digital camera attached to the microscope and processed using the iSolution Lite program (Olympus, Tokyo, Japan). For fluorescence microscopy, dissected midgut M4 regions of R. pedestris were fixed with 4% paraformaldehyde in PBS for 10 min at room temperature, washed twice with PBS, incubated in PBS containing 0.1% Triton X-100 for 5 min and stained with 0.5 mM SYTOX Green (Molecular Probes, Eugene, OR, USA) and 5 U ml
Alexa Fluor 568 phalloidin (Molecular Probes) in PBS for 20 min. After washing twice with PBS, the samples were mounted on silane-coated glass slides and examined under a laser-scanning confocal microscope (TCS SP2 ABOS; Leica, Solms, Germany), as previously described (Kikuchi et al., 2011b) . For transmission electron microscopy, dissected midgut M4 regions were prefixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4 (SCB), at 4 1C for 18 h. The samples were washed three times with 0.1 M SCB at room temperature for 15 min each and postfixed with 1% osmium tetroxide in 0.1 M SCB for 1 h at room temperature. After three times washing, the samples were dehydrated and cleared through an ethanol and propylene oxide series and embedded in Epon 812 resin. The embedded samples were trimmed and sectioned on an ultramicrotome (Reichert SuperNova, Leica), stained with uranyl acetate and lead citrate and observed under a transmission electron microscope (HITACHI H-7600, Hitachi, Tokyo, Japan).
Fitness measurement
At the middle age of third-, fourth-and fifth-instar stages, insects were examined for their body length and dry body weight. The body length was measured from the head to the tip of the abdomen.
For dry weight measurement, the insects were immersed in acetone for 5 min and then completely dried by incubation in a 70 1C oven.
Results
A transposon-inserted Burkholderia mutant induced a less-developed host symbiotic organ To screen symbiosis-deficient mutants of the Burkholderia symbiont, we performed random Tn5 transposon mutagenesis on the symbiont strain RPE75. In total, 1860 transposon-inserted Burkholderia clones were isolated and orally administered to early second-instar nymphs of R. pedestris. When these insects reached the third-instar stage, their midgut M4 region was dissected, morphologically examined and subjected to PCR detection of symbiotic bacteria. While most of the mutant-infected insects exhibited normal midgut phenotypes that were indistinguishable from those of the wildtypeinfected insects (Figure 1a ), we found an interesting mutant in which the host exhibited less-developed midgut crypts. The crypts of the insects infected with the mutant were smaller and less hazy than those of the insects infected with the wildtype symbiont ( Figure 1b) . The PCR results showed that the crypts were certainly infected with the Burkholderia mutant (Figure 1c ), but the CFU assay of the dissected midgut M4 regions revealed significantly lower infection densities of the Burkholderia mutant than those of the wildtype strain (Figure 1d ).
Purine synthesis gene purL was disrupted in the Burkholderia mutant Using a plasmid rescue procedure, we cloned and sequenced the transposon insertion site of the mutant genome and identified a disruption in the purL gene (Figure 1e ). The purL gene encodes N-formylglycinamidine ribonucleotide (FGAM) synthetase, which is involved in the fourth step of bacterial purine biosynthesis (Supplementary Figure S1 ). When the wildtype and purL mutant strains were cultured in nutritionally rich YG medium, both Burkholderia strains initially grew well, but the purL mutant exhibited lower (approximately a half) bacterial titers than the wildtype strain at the stationary phase ( Figure 2a) . When adenine or adenosine was added to the culture medium, the growth of the purL mutant was markedly improved, whereas addition of AICAR, AMP or IMP had little effects on the growth of the mutant (Figure 2a ). When cultured in nutritionally restricted minimal medium, the purL mutant exhibited little growth, whereas adenine and adenosine, but not AICAR, AMP or IMP, remarkably restored the growth of the purL mutant (Figure 2b ). These results indicate that the transposon insertion in the mutant genome disrupts the purL gene not only structurally but also functionally.
Attenuated biofilm formation in the purL mutant was not restored by purine supplementation As a recent study on the purL mutant of Photorhabdus, symbiont of nematode, showed an inability to form biofilm in vitro and a partial recovery of biofilm formation by addition of AICAR (An and Grewal, 2010) , the wildtype and purL mutant strains of the Burkholderia symbiont were tested for their ability to form biofilm. The purL mutant strain exhibited significantly lower biofilm formation than the wildtype strain (Figure 2c ). Even when adenine, adenosine and other purine derivatives were added to the culture medium, the biofilm production of the purL mutant was not improved (Figure 2c ). When we analyzed the lipopolysaccharide patterns on SDS-PAGE gels, no apparent qualitative or quantitative differences were observed between the wildtype and purL mutant strains (Figure 2d ). These in vitro results indicate that (i) the purL mutant exhibits attenuated biofilm production, (ii) the attenuated biofilm production cannot be restored by supplementation of purine derivatives and (iii) the inability of the purL mutant to form biofilm may be independent of the growth defect and unrelated to the lipopolysaccharide-synthesizing capability.
The purL mutant exhibited low infection efficiency to the host symbiotic organ, whereas higher inoculum titers improved the efficiency To examine the infection efficiency of the purL mutant, early second instar nymphs of R. pedestris were orally administered with the wildtype or purL mutant at a concentration of 10 7 bacterial cells per ml. The midgut M4 regions of the insects were removed at 24 h post-inoculation and subjected to CFU assays (Figure 3) . Of 20 insects inoculated with the wildtype strain, 16 insects (80%) were infected with the symbiont and the infection densities were B5.5 Â 10 3 bacterial cells per insect. By contrast, of 20 insects inoculated with the purL mutant, only 6 insects (30%) were infected and the infection densities were on average o10 bacterial cells per insect. When the inoculum titers of the purL mutant were increased to 10 8 and 10 9 bacterial cells per ml, both the infection rates and densities were improved to levels closer to those of the wild-type strain (Figure 3) . These results indicate that (i) the purL mutant is significantly less efficient to establish infection in the host symbiotic organ than the wildtype strain and (ii) the inferior infection efficiency of the purL mutant can be compensated by higher bacterial inoculum titers. Based on these results, the higher inoculum titer (10 9 bacterial cells per ml) of the purL mutant was used in in vivo symbiotic characterization of host gut development and fitness to ensure proper infection with the purL mutant.
Symbiotic accommodation defect of the purL mutant was observed during the initial infection process To understand the low infection efficiency of the purL mutant, we further characterized the initial infection process after inoculation of either the wildtype or purL mutant strain. The copy number of the Burkholderia dnaA gene was examined by quantitative PCR for midgut samples dissected from second-instar nymphs at 6, 9, 12, 15, 18, 21 and 24 h post-infection (Figure 4) . At 6 h post-infection, both the wildtype and purL mutant strains were detected at similarly low levels in the midgut M3 and M4 regions (10-30 dnaA copies in M3 and r10 in M4). However, at later time points, the wildtype and purL mutant strains exhibited strikingly different infection dynamics. The titer of the wildtype strain increased exponentially in M4 and ultimately attained infection titers over 10 4 dnaA gene copies. By contrast, the titer of the purL mutant strain increased slowly and attained infection titers around 10 2 dnaA gene copies (Figure 4) . These results strongly suggest that the purL mutant is initially able to colonize the midgut M4 region but subsequently fails to maintain normal infection levels in the host symbiotic organ.
The purL mutant-infected insects exhibited attenuated development of the host symbiotic organ As the purL mutant was initially identified by the observation of a less-developed symbiotic organ, the size and morphology of the midgut M4 region of second instar nymphs were examined at 12, 24, 36, 48 and 60 h post-inoculation in uninfected, wildtype-infected and purL mutant-infected insects (Figure 5a ). Throughout the time course, the wildtype-infected M4 region steadily increased in width up to an average of 0.26 mm at 60 h, whereas the uninfected M4 region showed only slight growth to 0.13 mm in width. The purL mutant-infected M4 region exhibited an intermediate growth at 0.20 mm in width (Figure 5a ). Confocal microscopic images of the midgut M4 crypts at 24 and 48 h after inoculation histologically confirmed these patterns as follows: well-developed midgut crypts were densely colonized with the wildtype strain ( Figures 5b and e) ; much less-developed midgut crypts were sparsely colonized with the purL mutant (Figures 5c and f) and virtually no midgut crypts developed without symbiont infection (Figures 5d and g ). These results demonstrate that (i) the midgut crypts infected with the purL mutant are significantly less developed than those infected with the wildtype strain and that (ii) the lower infection density of the purL mutant may be responsible for the attenuated development of the host symbiotic organ.
Adenine and adenosine were unable to rescue the symbiotic phenotype induced by the purL mutant in vivo In the in vitro characterization of the purL mutant, the growth defect was rescued by supplying adenine and adenosine to the medium (Figure 2 ). To assess whether adenine and adenosine could rescue the accommodation defect in vivo, uninfected, wildtype-infected and purL mutant-infected insects were Initial infection dynamics of the wildtype and purL mutant strains of Burkholderia symbiont following inoculation to second instar nymphs of R. pedestris. The insects were orally administrated with standard infection solution containing wildtype or purL mutant (10 7 cells per ml), their M4 regions of the midgut were dissected at 6-24 h post-inoculation and 20 midguts per sample were combined and subjected to DNA extraction and quantitative PCR of symbiont dnaA gene copies. At 6 h postinfection, M3 samples were also subjected the quantitative PCR analysis. Two independent experiments were performed. Asterisks indicate statistically significant differences (unpaired t-test; *P ¼ 0.03, **P ¼ 0.0003).
continuously fed with water containing 0.5 mM adenine or adenosine. However, the in vivo supplementation of adenine and adenosine did not increase the early infection densities of the purL mutant (Supplementary Figure S2a) . Furthermore, neither adenine nor adenosine was able to restore crypt development (Supplementary Figure S2b-h ). These data suggest that an insufficient amount of adenosine reached the symbiotic organ or that the in vivo phenotype induced by the purL mutant infection was not solely due to the growth defect of the purL mutant.
Lower infection density and less-developed symbiotic organ were observed in the purL mutant-infected insects throughout the nymphal stages To address the effects of the purL mutant infection on older insects, we monitored the morphology of the midgut M4 region in third-, fourth-and fifth-instar nymphs that were infected with either the wildtype or purL mutant strain. Although the size of the crypts was similar between the purL mutant-infected insects and the wildtype-infected insects, the coloration of the crypts was conspicuously less hazy (indicative of lower symbiont density) in the purL mutant-infected insects than the wild-type-infected insects (Figures  6a-f) . CFU assays of the midgut M4 regions confirmed the morphological observations: the symbiont titers in the purL mutant-infected insects were consistently and significantly lower than those in the wildtypeinfected insects (Figure 6g ). These results indicate that the lower infection density of the purL mutant is not restricted to the early second-instar stage but is observed throughout the lifetime of the Riptortus host. Transmission electron microscopic images of the midgut M4 crypts of third-instar nymphs revealed that the large, coccal and often degenerative purL Figure 5 (a) Development of the midgut symbiotic organ after inoculation of the wildtype and purL mutant strains of Burkholderia symbiont to second-instar nymphs of R. pedestris. The insects were dissected at 12, 24, 36, 48 and 60 h post-inoculation and the width of their M4 region was measured. Uninfected insects were also examined in the same way. Mean and standard deviation of five measurements are shown for each time point. Asterisks indicate statistically significant differences between wildtype-infected insects and purL mutant-infected insects (red) and those between purL mutant-infected insects and uninfected insects (blue) (unpaired t-test; Po0.05). (b-g) Confocal microscopic images of the midgut crypts in the wildtype-infected insects (b, e), purL mutant-infected insects (c, f) and uninfected insects (d, g) at 24 h and 48 h post-inoculation. Green signals visualize nuclear DNA of crypt cells, whereas red signals indicate actin fibers underlining crypt cell membrane. In wildytpe-infected insects (b, e) and purL-infected insects (c, f), green signals also depict Burkholderia symbiont DNA within crypt cavities. mutant cells were morphologically distinct from the rod-shaped wildtype cells (Figures 6i and h) , suggesting a dramatic difference in symbiotic accommodation between the wildtype and purL mutant strains.
The purL mutant-infected host insects exhibited attenuated fitness To determine the effects of the purL mutant on host fitness, we measured the body size and weight of third-, fourth-and fifth-instar nymphs infected with either the wildtype or purL mutant strain. Both the body lengths and dry weights of the purL mutantinfected insects were consistently and significantly smaller than those of the wildtype-infected insects (Figures 7a and b) . These results indicate that the Riptortus host infected with the purL mutant exhibits attenuated fitness compared with the host infected with the wildtype strain.
The purM deletion mutant showed impaired growth and biofilm formation in vitro To rule out the possibility that secondary mutations in the purL transposon-induced mutant contribute to the purL phenotypes, we targeted another purine biosynthesis gene, purM, to construct a Figure S1) . In addition to the DpurM mutant strain, we also generated a complemented strain (DpurM/purM) by transforming the DpurM mutant with a plasmid encoding a functional purM gene. The in vitro growth rates of the DpurM mutant were similar to those of the purL mutant (see Figures 2a and b) , exhibiting slower growth in YG medium than the wildtype strain ( Figure 8a ) and little growth in minimal medium (Figure 8b ). By adding adenosine to the media, the growth of the DpurM mutant was partially restored. When the DpurM mutant was complemented with the functional purM gene (DpurM/purM), the growth rates were fully restored in both media (Figures 8a  and b) . Biofilm formation of the DpurM mutant was also similar to that of the purL mutant: the DpurM mutant produced much lower amounts of biofilm than the wildtype strain, and supplementation of adenosine did not improve biofilm formation (Figure 8c ). On the other hand, the DpurM/purMcomplemented mutant exhibited biofilm formation to the level observed in the wildtype stain (Figure 8c ).
The purM deletion mutant exhibited the same in vivo phenotypes as the purL mutant To determine whether the symbiotic properties of the DpurM mutant were similar to those of the purL mutant, their infection densities in third-, fourth-and fifth-instar nymphs were determined by CFU assay. The symbiont titers of the DpurM-infected insects were significantly lower than those of the wildtype-infected insects, and the titers were restored in the DpurM/purM-infected insects (Figure 8d) . The morphological observations of the midgut M4 regions of fifth-instar nymphs also reflected the results of the symbiont titers (Figure 8e ): the M4 crypts of the DpurM-infected insects were much less hazy than those of the wildtype-and DpurM/purM-infected insects. The lower infection density of the DpurM mutant negatively affected the fitness values of the host insects: the body lengths and dry weights of the DpurM mutantinfected insects were significantly smaller than those of the wildtype-infected insects, whereas the fitness values of the DpurM/purM-infected insects were similar to those of the wildtype-infected insects (Figures 8f and g ). These in vitro and in vivo results with the DpurM mutant strongly suggest that the phenotypes of the purL mutant are caused by the disruption of the purL gene and not by secondary mutations occurring elsewhere in the symbiont genome during transposon mutagenesis.
Discussion
In this study, we demonstrate that the purine biosynthesis mutants, purL and purM, of the Burkholderia symbiont are able to colonize the host symbiotic organ but are incapable of accommodation and consequently fail to establish normal symbiotic association with the host. The host insects infected with these mutants exhibited significantly smaller body size than the host insects infected with the wildtype strain of the Burkholderia symbiont, which is likely due to the lower infection density of the symbiont mutants in the host midgut compared with the wildtype strain.
Why does the purL mutant fail to attain normal infection density in the Riptortus host? The purL mutant exhibited a low level of initial colonization and overall low population in the midgut M4 region in vivo. The clues to the reason why the purL mutant exhibits these in vivo properties may be found in its in vitro phenotypes. First, the auxotrophic phenotype of the purL mutant showed decreased growth in nutrient rich medium and almost no growth in minimal medium (Figures 2a  and b) . Our recent study showed that polyhydroxyalkanoate biopolymer, which supports bacterial survival in hostile environments, is required for the Burkholderia symbiont to persist in the host midgut, suggesting that the symbiotic environment may be restrictive and/or hostile to the symbiont (Kim et al., 2013b) . Although we do not know the exact nutritional environment of the midgut M4 region, we suspect that M4 may have limited purine source and may therefore not support the growth of the purL mutant. Second, the defect in biofilm formation was another in vitro phenotype exhibited by the purL mutant (Figure 2c ). Bacterial biofilm formation is one of the adaptation mechanisms to various environments and has been reported to be required for chronic infections and symbioses (Costerton et al., 2003; Ramey et al., 2004; Visick, 2009; An and Grewal, 2010; Burmølle et al., 2010; Morris and Visick, 2010; Rinaudi and Giordano, 2010; Maltz et al., 2012) . In squid-Vibrio symbiosis, Vibrio fischeri uses a transient biofilm to colonize its host, Euprymna scolope (Visick, 2009; Morris and Visick, 2010) . Although it has not yet been determined whether Burkholderia requires biofilm to enter and grow in the midgut M4 crypts, it is plausible that biofilm may support proper colonization and maintenance of the Burkholderia symbiont in the host symbiotic organ. Lastly, an unknown phenotype of the purL mutant may be a critical reason for the low infection density of the purL mutant in the host midgut. As the purL mutation interferes with purine biosynthesis and changes the purine level in the mutant cells, many pathways utilizing purine-derived molecules may be affected by the purL mutation. As shown in Figure 6i , the purL mutant exhibits deformed cell shape in the midgut M4 crypts. As the purL mutant grown in nutrientdeficient media is normal in cell shape (data not shown), it is possible that some host factors in the M4 crypt cavity may induce the cell deformation observed in the purL mutant. Such deformation supports the notion of a possible involvement of unknown phenotypes other than growth or biofilm defects. Based on these in vitro data, the accommodation defect of the purL mutant in the Riptortus host is most likely caused not by a single factor but rather a complex combination of factors. Asterisks indicate statistically significant differences (unpaired t-test; **Po0.001 and ***Po0.0001). NS indicates no significant difference. (e) Light microscopic images of the midgut M4 region dissected from fifth-instar nymphs of R. pedestris infected with the wildtype, DpurM mutant or DpurM/purM-complemented mutant strains of Burkholderia symbiont. (f, g) Fitness values of the wildtype, DpurM-or DpurM/purM-infected insects as determined by body length (f) and dry body weight (g). Means and standard deviations (n ¼ 30) are shown. Asterisks indicate statistically significant differences (unpaired t-test; **Po0.001 and ***Po0.0001). NS indicates no significant difference.
Properties of purL mutants in other symbiotic systems As in many pathogenic bacteria where purine auxotrophy is known to attenuate infection (Mahan et al., 1993) , purL gene has also been recognized as a crucial gene in some symbiotic bacteria. For example, purL mutants of Sinorhizobium fredii failed to form nodules or elicit pseudonodules on soybean and other leguminous plants, and different levels of purL expression affected the ability of competitive nodule formation (Buendia-Claveria et al., 2003; Xie et al., 2006 Xie et al., , 2009 . Transposon-inserted Bradyrhizobium mutants-deficient in purL and other purine synthesis genes showed either nodulation deficiency or pseudonodule formation on Aeschynomene host plants (Giraud et al., 2007) . In nematode-Photorhabdus symbiosis, symbiont mutants-deficient in purL were unable to form biofilm in vitro and exhibited a dramatic decrease in symbiotic persistence in nematodes (An and Grewal, 2010, 2011) . Considering these accumulated lines of evidence, an understanding of the molecular mechanism of the involvement of purL in symbiosis is of great importance and requires further study.
Conclusion
Genetically modified symbiont mutants are classified into three broad classes based on their defects: initiation mutants, accommodation mutants and persistence mutants (Ruby, 2008) . Here, the purL mutant is the first accommodation mutant identified in the Riptortus-Burkholderia system, which is able to colonize the host midgut but fails to reach a normal infection density. Furthermore, our findings demonstrated that the accommodation defect of the purL mutant significantly affects host crypt development and fitness.
